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Abstract
A mathematical model was developed to predict the drying mechanism of semicrystalline polymers involving multiple solvents. Since
drying of semicrystalline polymers can be accompanied by changes in polymer degree of crystallinity, the model integrates crystallization
kinetics and the Vrentas–Duda diffusion model to provide a better understanding of the mechanism. The model considers the effect of
external conditions such as temperature, film shrinkage and diffusion and evaporation of multiple solvents during drying. Poly(vinyl alcohol)
(PVA)/water/methanol was chosen as a test system. The drying kinetics of PVA films swollen in water and methanol were investigated using
gravimetric techniques. The model predicts that higher temperatures, lower film thicknesses and lower methanol to water ratios increase the
drying rate. The model predictions were compared with experimental data and showed good agreement.
q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Drying of polymeric films is a crucial process for
manufacturing various commercial products, including
adhesive tapes, photographic films, functional coatings
and magnetic media [1,2]. During drying, properties of the
polymer, including its microstructure, change considerably.
Besides, the amount of residual solvent left in the final
product is an important factor in the polymer drying process,
since these solvents can be harmful [3–5]. Thus, the
fundamentals of solvent evaporation from polymers are
crucial. The behavior of amorphous polymers during drying
has been well studied [1,2,6–22]. However, the behavior of
semicrystalline polymers under different drying conditions,
and changes in polymer microstructure during removal of
multiple solvents, has received little attention.
This work focuses on the development of a mathematical
model for semicrystalline polymer drying involving
removal of multiple solvents. With semicrystalline poly-
mers, the crystallinity of the polymer can change as drying
occurs, which in turn, affects the drying rate as crystals in
the polymer hinder the diffusion of solvents [23–25]. A
complex diffusion scheme that includes interaction between
the polymer and each solvent and between the solvents
themselves is needed. Furthermore, the polymer crystal-
lization kinetics during removal of the two solvents needs to
be accounted for. These behaviors add layers of complexity
in understanding how drying occurs. Along with the model
development, experimental procedures have been designed
to investigate the drying behavior and compare with the
simulation results.
2. Mathematical modeling
Several mathematical models for describing the drying
behavior of amorphous polymers have been proposed by
various researchers [1,2,19–22], but there have been few
studies of multicomponent semicrystalline polymer drying
[24,25]. A schematic setup of the drying process is shown in
Fig. 1. Initially the polymer film has a thickness of L0; and is
placed on an impermeable substrate of constant thicknessH:
The polymer and substrate are exposed to hot air on both
sides. As the drying occurs, the solvent evaporates out of the
polymer causing the film thickness as well as solvent
0032-3861/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2004.05.037
Polymer 45 (2004) 5151–5161
www.elsevier.com/locate/polymer
* Corresponding author. Tel.:þ1-515-294-7407; fax:þ1-515-294-2689.
E-mail address: suryakm@iastate.edu (S.K. Mallapragada).
concentration inside the film change accordingly. At the
same time, polymer undergoes solvent-induced
crystallization.
One dimensional transport is assumed for its simplicity,
since the thickness of the polymer film is much smaller than
the other dimensions of the film. Assuming that there is no
volume change of mixing, volume fractions are used in the
formulation of mass transfer equations. The polymer system
is composed of four components represented by N; solvent
1, solvent 2, amorphous polymer and crystalline polymer,
and are numbered accordingly. The volume fractions of
solvent 1 and solvent 2 are labeled as w1 and w2
respectively, volume fraction of amorphous polymer is
labeled as u and volume fraction of crystalline polymer is
labeled as v:
The equations that govern the solvent removal are as
follows:
›wi
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where wi is the volume fraction of component i; V^i and V^j
represent the partial specific volume of the component i and
j; and Dij represent the multicomponent diffusion coeffi-
cients [1]. In deriving this equation, the polymer is assumed
to be non-reactive and the mass transfer is assumed to take
place only because of diffusion of N 2 2 solvents as shown
in Eq. (1).
For two solvent systems, a series of four diffusion
coefficients are written to describe the diffusion and
thermodynamic interactions of each component, as devel-
oped by Alsoy and Duda [1]. In Eqs. (2)–(5), Di and mi
represent self diffusion coefficient and chemical potentials
of component i; respectively.
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Self diffusion coefficients in these equations are obtained
from Vrentas–Duda free volume theory [26–29] as shown
in Eqs. (6) and (7).
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Here, Doi is the pre-exponential factor, t is the tortuosity, Ei
is the activation energy for jumping unit to be free, vi is the
mass fraction of component i; V^pi is the specific critical hole
free volume of component i required for a jump to occur and
jij is the ratio between the critical molar volume of the
solvent jumping unit and the critical molar volume of the
polymer jumping unit. The average hole free volume per
gram of mixture, V^FH=g is shown in Eq. (8).
V^FH
g
¼ v1 K11g ðK21 2 Tg1 þ TÞ þ v2
K12
g
ðK22 2 Tg2
þ TÞ þ v3 K13g ðK23 2 Tg3 þ TÞ ð8Þ
In Eq. (8), K1i and K2i are free volume parameters and Tgi is
the glass transition temperature of component i: While the
relationships given by Eqs. (6)– (8) contain several
parameters, each one of them has a physical meaning and
most of them can be estimated a priori without the use of
any diffusivity data. Zielinki and Duda [30] developed
Fig. 1. The drying mechanism of semicrystalline polymer/solvent/solvent system involving solvent removal, film shrinkage and crystallization.
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procedures for calculating these parameters. Usually,Doi; Ei
and jij are determined from a non-linear regression fit of the
self diffusion data to Eqs. (6) and (7). We have modified the
self-diffusion equation developed by Vrentas and Duda with
the addition of a tortuosity term. The tortuosity term arises
from the fact that crystals in the polymer hinder the
diffusion of the solvent through the polymer. In semicrystal-
line polymers, solvent must follow tortuous paths through
the amorphous portion of the polymer to get around the
crystals in the polymer. Harland and Peppas [31] have
shown that the value of t is equal to 3.0 for diffusion of
small molecules through semicrystalline polymer, unless
the volume fraction of crystals is very small. In our work,
we assume that t is equal to 3.0 when v is greater than 0.05,
otherwise, the effect of tortuosity can be neglected, and t is
equal to 1.0.
Chemical potentials are used in determining the
thermodynamic factors in diffusion and partial pressure of
solvents at the interface, and can be calculated using ternary
Flory–Huggins theory [32] and shown in Eqs. (9) and (10),
where xij is the interaction parameter between two
components.
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At the polymer–substrate boundary, there is assumed to be
no mass transfer. Hence
›wi
›x
¼ 0 ð11Þ
and at the polymer–gas boundary, mass balances are written
based on the jump mass balance incorporating the mass
transfer rate, the shrinking film effect and the diffusion rate
of solvent [1].
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Here dL=dt is the change of film thickness, kGi the mass
transfer coefficient of solvent i; PGii is the partial pressure of
solvent i at the polymer–gas interface, and PGib is the bulk
partial pressure of solvent i: As mentioned before, the
change in film thickness is governed by the rate of solvent
removal:
dL
dt
¼
XN22
i¼1
kGi V^iðPGii 2 PGibÞ ð13Þ
As the drying continues, the polymer starts to align itself to
form crystals, leading to an increase in the degree of
crystallinity. Ngui and Mallapragada [24,25] used a first-
order kinetic expression to predict the crystallinity growth
for a single solvent system, and this expression is extended
to multiple solvent systems as shown in Eq. (14).
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Here, we assume that the crystallization process follows first
order kinetics. The assumption of volume fraction propor-
tionality is at its simplest form. The folding rate, ki;
proposed by Lauritzen and Hoffman [33], can be calculated
for the polymer in the presence of each solvent.
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where se and ss is the end and side surface free energies for
the crystal, DG is the free volume change for polymer
folding, and l; b; and w are the length, thickness and width of
the crystals, respectively. Schultz [34] reported values of se
and ss; and DG can be calculated using the heat of fusion
and polymer crystal melting temperature.
For the heat transfer section of the model, we assume the
polymer–substrate system is thin enough, and the con-
vective heat transfer resistance in gas phase is much greater
than the conductive heat transfer resistance inside the
system, resulting in no temperature gradients. Thus an
overall temperature was used. The heat transfer between the
gas–polymer, gas–substrate, and energy loss due to
evaporation of solvents are included in calculating the
overall temperature of the polymer–substrate.
dT
dt
¼
2
hGðT 2 TGÞ þ hgðT 2 TgÞ þ
XN22
i¼1
kGi DH^iðPGii 2 PGibÞ
rpC^ppLðtÞ þ rsC^spH
2
66664
3
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ð16Þ
Here hG; TG; hg; Tg are the heat transfer coefficients and
temperature for top side and bottom side, respectively, DH^i
is the latent heat of vaporization and C^p is the heat capacity.
Since the film thickness changes with time, the moving
boundary problem was converted to a fixed boundary
problem using a Landau transform where a normalized
position, xp; is defined [35]. Then, a variable-sized grid with
finer mesh near gas–polymer interface was applied. This is
to ensure accurate calculation near the interface where the
concentration gradient is steep. The set of equations was
solved using finite element methods with MATLABw
(MathWorks, Natick, MA) and FEMLABw (Comsol,
Burlington, MA) on Intelw Pentiumw 4 based computer.
The free volume parameters used for the simulations are
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shown in Table 1. Tables 2 and 3 list the physical properties
and initial and boundary conditions used for a PVA/water/
methanol system.
3. Experimental
3.1. Materials
Poly(vinyl alcohol) (PVA) was chosen because of its
semicrystalline properties and as it is widely used in
industries such as coating and film making. PVA (Elvanolw
grades, E. I. du Pont de Nemours, Wilmington, DE) with
Mn ¼ 133; 000 48,000, 64,000 and PVA (Polysciences,
Warrington, PA) with Mn ¼ 133; 000 were used. All PVA
samples used were fully hydrolyzed (degree of
hydrolysis . 99.0%) and the polydispersity indices were
2.15.
3.2. Sample preparation
PVA film was obtained by dissolving PVA powder in
water (5% w/v) at 90 8C for 6 h and casting 25 ml of the
PVA aqueous solution into 100 £ 15 mm siliconized Petri
dishes. Films were dried at 23 8C for at least 5 days until
constant film weight was achieved. The average thickness of
the film produced was 0.20 mm. Once the film was ready, it
was removed from the Petri dish and cut into 3 £ 3 cm2
pieces. The crystallinity of the film created via this method
is approximately 40%.
3.3. Drying kinetics
The initial weight of the film was measured, and the film
was swollen in methanol and water separately. Because of
the different absorption rates of the solvents, the time
required to achieve desired initial concentration might vary.
One drawback of swelling the film in solvents separately
instead of swelling it in a pre-mixed water–methanol
mixture is that there is a possibility that some solvent might
diffuse out of the polymer, thus affecting the initial
concentration of the polymer system. To avoid this potential
problem, the films were swollen in methanol first because of
its lower absorption rate, thus minimizing the amount of
time for methanol to diffuse out of the system when the film
is placed in water. Furthermore, the residual water after the
film was removed was tested for methanol content using gas
chromatography (SRI 8610, SRI Instruments, Torrance,
CA) to ensure that there is no methanol diffusion out of the
polymer. Once the desired initial concentration was
achieved, the film was removed from the solvent and cut
into four 1.5 £ 1.5 cm2 pieces and dried at 25 8C in an oven.
The weight of the polymer film was measured periodically
until it remained constant.
3.4. Crystallization kinetics
The degree of crystallinity of the initial film was
determined using differential scanning calorimetry (DSC)
Table 1
Free volume parameters used in mathematical modeling for PVA/water
(solvent 1)/methanol (solvent 2) [38]
Parameter PVA/water PVA/methanol
Doi (cm
2 s21) 0.941 0.00155
Ei (J mol
21) 7978 23585
K11=g (cm
3 g21 K21 0.00165 –
K12=g (cm
3 g21 K21) – 0.000564
K13=g (cm
3 g21 K21) 0.000229 0.000229
K21 (K) 2141.73 –
K22 (K) – 23.87
K23 (K) 2214.87 2214.87
Tg1 (K) 0 –
Tg2 (K) – 0
Tg3 (K) 0 0
Vp1 (cm
3 g21) 1.071 –
Vp2 (cm
3 g21) – 0.959
Vp3 (cm
3 g21) 0.720 0.720
jij 0.45 0.99
xi3 0.67 1.26
x12 0.442 0.442
Table 2
Properties of the polymer system
Film properties
Heat capacity, C^
p
p 1.674 (J g
21 K21)
Density of film, rp 1.294 (g cm23)
Heat of vaporization of water, DH^1 2404 (J g
21)
Heat of vaporization of methanol, DH^2 1155 (J g
21)
Crystallization kinetic coefficient, ki 1 £ 1025 (s21)
Substrate properties
Heat capacity, C^sp 0.84 (J g
21 K21)
Density of substrate, rs 2.6 (g cm23)
Substrate thickness, H 0.012 (cm)
Table 3
Initial and operating conditions for PVA/water/methanol system [39,40]
Initial conditions
Temperature, T0 298 (K)
Film thickness, L0 0.025 (cm)
Initial volume fraction of solvent 1, w10 0.50
Initial volume fraction of solvent 2, w20 0.15
Initial volume fraction of crystalline polymer, v0 0.02
Initial volume fraction of amorphous polymer, u0 0.33
Operating conditions
Gas–polymer heat transfer coefficient, hG 0.02944 (W cm22 K21)
Gas–substrate heat transfer coefficient, hg 0.01230 (W cm22 K21)
Top-side air temperature, TG 310 (K)
Bottom-side air temperature, Tg 310 (K)
Solvent 1 mass transfer coefficient, kGi 1.8 £ 10210 (s cm21)
Solvent 2 mass transfer coefficient, k
g
i 2.3 £ 10213 (s cm21)
Mole fraction of solvent 1 in gas 0
Mole fraction of solvent 2 in gas 0
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(DSC7, Perkin–Elmer, Boston, MA) where a small piece of
PVA film was heated from 25 to 250 8C at 10 8C/min. The
heat required to melt the crystals in the sample is compared
to that of pure crystals (138.6 J/g) to obtain the initial degree
of crystallinity [36].
4. Results and discussion
In order for the model to predict the drying behavior of
polymer films, free volume parameters for the entire system
must be obtained. These parameters are essential in
predicting the diffusion of solvents accurately. Table 1
shows the free volume parameters for PVA–water–
methanol system. Table 2 shows the physical properties of
the system. Based on Eqs. (11)–(16), the initial and
operating conditions for the system needed to be determined
before the simulations were performed. Figs. 2–6 show the
simulation results corresponding to initial and operating
conditions listed in Table 3. The external conditions are
used as fitting parameters in the model. In Fig. 2, the
average volume fraction of individual solvents is shown.
The average volume fraction of water drops rapidly as
drying progresses and most water was removed after 50 min
while the methanol volume fraction rises to a maximum at
50 min before decreasing slightly. The rise of volume
fraction in methanol is due to the different solvent removal
rates in which water is removed much faster than methanol.
As water is removed from the system, total volume of the
system decreases and causes volume fraction of methanol to
increase, despite the fact that the overall mass of methanol is
decreasing during that period. This behavior appears similar
to what has been observed before in another system [1].
Fig. 3 shows the change of film thickness as drying occurs.
The film thickness decreases rapidly and levels off after
50 min. This figure follows the trend of the overall solvent
removal kinetics. Figs. 4 and 5 shows the volume fraction of
water and methanol, respectively, across the polymer film at
1, 10 and 100 min of drying time. In Fig. 4, the differences
in volume fraction across the polymer film are minimal,
suggesting that the rate of removal of water is governed by
evaporation of water from the surface. In Fig. 5, the
concentration gradient of methanol increases as drying
continues since the rate of drying is now controlled by
diffusion of methanol in the polymer. The difference in the
ease of diffusion for the two solvents is due to the size of the
solvent molecules and the fact that PVA interacts better with
water than with methanol. The volume fraction of crystals in
the system increases with drying time as shown in Fig. 6
where the rate of crystal growth is showing a slow down
near 25 min which corresponds to the time when most of the
water has been removed from the system, suggest that water
removal may course a greater change in degree of crystal-
linity of the polymer.
Several initial and operating conditions were varied to
study the effect of surrounding temperature, initial film
thickness, and initial methanol to water ratio in total solvent
removal from the system. Three temperature settings (300,
310 and 320 K) were used for studying the effect of
temperature on the system, with other parameters set as per
Table 3. The results are shown in Fig. 7. With increase in
surrounding temperature, the initial solvent removal rate
increased due to an increase in the activity of each solvent,
thus increasing the driving force for the evaporation of
solvents. Furthermore, at higher surrounding temperatures,
a sharper change in solvent removal rate was observed until
Fig. 2. Average volume fraction of the solvents during drying. ( ) represents the total volume fraction of the solvents in the system, (—) represents the volume
fraction of water in the system and the (- -) represents the volume fraction of methanol.
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the total solvent remaining dropped to approximately 20%.
At later stages of drying, especially after 100 min, the total
residual amount of solvents does not significantly change
since drying within this region is controlled by strong
diffusional resistance inside the polymer film. A closer
examination of the simulation data at each temperature
revealed that at the time when most of the water was
removed, there was still considerable amount of methanol
left in the system. We conclude that air temperature can be
increased to reduce the drying time by increasing the initial
rate of evaporation and the overall rate of solvent removal in
the polymer film.
In studying the effect of film thickness on total solvent
removal, three different film thicknesses were used, ranging
from 0.01 to 0.05 cm. The initial conditions of these three
films were held constant for the purpose of comparison.
Fig. 8 shows the results of the simulations. With increasing
film thickness, we found that the initial rate of solvent
removal decreased accordingly. Since the external con-
ditions used in these simulations were the same, the results
imply that the diffusion of solvents within the film has a
profound effect in governing the rate of solvent removal.
To show the effect of the ratio of individual solvents on
the overall rate of solvent removal, different methanol to
water ratios were used while holding the polymer volume
fraction constant. These methanol to water ratios ranged
Fig. 3. The change of polymer film thickness (—) during drying.
Fig. 4. Volume fraction profiles of water at different drying times. (V) Represent the drying behavior of water at 1 min drying while (O) and ( p ) represent the
water volume fraction at 10 and 100 min drying, respectively.
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from 1:2.25 to 1:5.5. Fig. 9 shows that initially, total
residual solvents content does not depend on the methanol
to water ratio since in this region the rate of drying is
controlled by external conditions which were held constant
for each ratio investigated. When external mass transfer
resistance is no longer controlling the overall process, total
residual solvents content decreased significantly with
increasing water content. Increase in amount of faster
diffusing component, water, helps to increase the diffusional
rate of slower diffusing component, methanol, by increasing
the free volume of the polymer. Thus, diffusional resistance
is decreased, causing an overall decrease in total solvent
content of the polymer film.
To study the effect of crystal growth on the overall
solvent removal rate, three different crystallization kinetic
constants were used (5 £ 1026, 1 £ 1025 and
5 £ 1025 s21). Fig. 10 shows that the overall solvent
removal rate in the first 30 min is virtually the same since
external conditions were not changed. After 30 min of
drying, in the case of higher crystal growth rate, the amount
of solvent remaining in the system is higher than the case of
lower crystal growth rate. The increase in crystallization
rate constant causes an increase in the crystalline content of
the polymer film, which hinders the diffusion and thus the
removal of each solvent in the film. This result suggests that
crystals within the polymer do play an important role on
Fig. 5. Volume fraction profiles of methanol at different drying times. (V) Represent the drying behavior of methanol at 1 min drying while (O) and ( p )
represent the methanol volume fraction at 10 and 100 min drying, respectively.
Fig. 6. Volume fraction of crystals (W) in polymer during drying.
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solvent removal kinetics, even though the magnitude of this
effect is small in this case.
Based on our experimental data, we found that PVA films
swell to a greater extent in water than in methanol.
Therefore, the methanol content in our system was
approximately 10% compared to 50% of water. Table 4
lists the conditions used in our experimental setup as well as
corresponding simulation. Weight data obtained from
experiments was translated to total weight percent of
solvent remaining to allow direct comparison between
experimental data and simulation results. For simulations,
the external mass transfer conditions are used as fitting
parameters. Fig. 11 shows that the both data are in good
agreement. The predictions of the simulation results at the
latter stage, where solvent removal is controlled by
diffusion, are better compared to predictions at the earlier
stage, where solvent removal is controlled by external
conditions. This indicates that the diffusion model and the
free volume parameters as well as the crystallization
kinetics used are accurate and adequate to represent the
drying behavior of PVA films.
Thismodel represents the first step towards understanding
the whole drying mechanism of multicomponent semicrys-
talline polymer. Nevertheless, further improvement of the
Fig. 7. Effect of temperature on residual solvent levels during drying. (A), ( p ) and (K) represents the drying behavior at temperature 300, 310 and 320 K,
respectively.
Fig. 8. Effect of film thickness on residual solvent levels during drying. (A), ( p ) and (K) represents the drying behavior at film thickness 0.1, 0.25 and 0.5 mm,
respectively.
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Fig. 9. Effect of different methanol to water ratios on residual solvent levels during drying. (A), ( p ) and (K) represents the drying behavior at methanol to
water ratio 1:2.25, 1:3.33 and 1:5.5, respectively.
Fig. 10. Effect of crystallization kinetics on polymer crystal growth. (A), ( p ) and (K) represent the drying behavior at crystallization kinetic coefficients
(5 £ 1026, 1 £ 1025 and 5 £ 1025 s21), respectively.
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model is needed to increase its accuracy as well as its ability
to handle different drying conditions. Under certain drying
conditions, a glassy skin can form at the polymer–air surface
and change the diffusion at this region. This literal skinning
phenomenon [37] effectively creates two different zoneswith
two different diffusion coefficient and crystallization kinetics
with an internal glassy–rubbery interface. This behavior can
be addressed by dividing the current single zone diffusion
into a two-zone diffusion system with moving internal
boundary. Another possible improvement to this model is the
development of a detailed crystallization kinetics expression.
Currently, the model assumes a simple first order kinetic
expression for crystallization. However, this might not be the
case for some polymer and an expression that covers different
kinetics mechanisms should be developed in the future.
5. Conclusions
We have developed a mathematical model to predict the
multicomponent drying behavior of semicrystalline poly-
mer films using multicomponent diffusion theory and
solvent-induced crystallization kinetics as the backbone of
the model. The model considers the effects of external
conditions such as temperature, diffusion of each solvent in
the polymer film, film shrinkage as well as the evaporation
of each solvent from the surface. The model provides
insights into how each solvent governs the overall solvent
removal rate when diffusional resistances inside the
polymer film are important. From our work, we find that
higher temperatures, lower film thicknesses and higher
water contents increase the rate of solvent removal. When
compared to the experimental drying kinetics of PVA films,
the model predictions are in good agreement with the
experimental results. The model is not polymer specific, and
can be applied to different polymer systems if the required
parameters are available. Finally, we hope that this model
can be used for optimizing the operation of existing ovens or
designing new ovens required to remove the solvents from
semicrystalline polymers.
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Table 4
Initial and boundary conditions for PVA/water/methanol system for
experimental setup and simulation test [39,40]
Initial conditions
Temperature, T0 298 (K)
Film thickness, L0 0.025 (cm)
Initial volume fraction of solvent 1, w10 0.6296
Initial volume fraction of solvent 2, w20 0.0512
Initial volume fraction of crystalline polymer, v0 0.02
Initial volume fraction of amorphous polymer, u0 0.2992
Operating conditions
Gas–polymer heat transfer coefficient, hG 0.10 (W cm22 K21)
Gas–substrate heat transfer coefficient, hg 0.092 (W cm22 K21)
Top-side air temperature, TG 298 (K)
Bottom-side air temperature, Tg 298 (K)
Solvent 1 mass transfer coefficient, kGi 1.7 £ 10210 (s cm21)
Solvent 2 mass transfer coefficient, k
g
i 2.3 £ 10213 (s cm21)
Mole fraction of solvent 1 in gas 0
Mole fraction of solvent 2 in gas 0
Fig. 11. Comparison between experimental results and simulation data on total solvent remaining during drying. (S) Represent the experimental data collected
and (—) represents the simulation results correspond to the experimental conditions.
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